In space attack and defense, on-orbital servicing, pose estimation of unknown (non-cooperative) spacecrafts is one of the most important conditions when taking the attack, defense and servicing measures. However, as for non-cooperative spacecrafts, the imaging characteristics of the features and the geometric constraints among the features are unknown, it is almost impossible to achieve target extraction, recognition, tracking, and pose solving automatically. To solve this technical problem, the paper proposes a method to determine the pose of non-cooperative spacecrafts based on collaboration of space-ground and rectangle feature. It employs a camera and rectangular features to achieve these operations above mentioned automatically. Experimental results indicate that both the position errors and the attitude errors satisfy the requirements of pose estimation during the tracking, approaching and flying round the non-cooperative spacecraft. The method provides a new solution for pose estimation of the non-cooperative target, and has potential significance for space-based attack and defense and on-orbital servicing.
INTRODUCTION
The purpose of pose estimation is to compute three rotation angles or a rotation matrix and a translation vector between observed coordinate system and geodesic coordinate system. Vision-based pose estimation is one of the primary means of pose estimation [1] . Due to its high accuracy, good flexibility, low cost and low mass and energy requirement, it has been widely used in many applications [2] [3] [4] [5] [6] . The basic principle is to solve the pose parameters between the two coordinate systems by two-dimensionally coordinates of the features which are detected on the image, the parameters of the camera and the geometric constraints among features.
Pose estimation is playing more and more important role in space missions, such as space attack and defense, on-orbital servicing [2, 3] , spacecraft rendezvous and docking [4] [5] ,and so on. Cropp [7] et al. presented a method of estimating the relative position and orientation of a known target satellite, using a single monocular image. This method was intended as a prelude to systems required in future autonomous satellite docking missions. Gilberto Arantes [8] et al.
presented a robust method for optimally estimating the relative orientation and position between camera system and target applied to RVD missions. The presented approach is based on computer vision; the target is modelled as an assembly of points. Inaba [9] et al. designed a manipulator-based capturing system using visual servoing is one of the most promising ways to capture a stranded satellite with no mechanical interface or visual marker. Thienel [10] et al. presented a nonlinear approach for estimating the body rates of a non-cooperative target vehicle, and coupling this estimation to a tracking control scheme. Gao [11] et al. proposed an algorithm to measure the position and orientation of a rectangle with an unknown size based on monocular hand-eye camera and laser range-finder, but it lost effectiveness without the laser range finder.
However, targets in the applications of attack and defense of the spacecrafts, on-orbit servicing and space garbage removal etc. are often non-cooperative; that is to say, the imaging characteristics of the features and the geometric constraints among the features are unknown. It is almost impossible to achieve target extraction, tracking and pose solving automatically. To solve this technical problem, the paper proposes a method to determine the pose of non-cooperative spacecrafts based on collaboration of space-ground and rectangle feature.
The remainder of this paper is organized as follows. In section 2, components of the pose estimation system is introduced, the appearance of spacecrafts is also investigated and eventually a common feature for pose estimation is determined. Pose estimation of the non-cooperative spacecraft is detailed in section 3, including the algorithm of image processing and pose estimation; the experiments are conducted in section 4.
FEATURES RECOGNITION OF THE NON-COOPERATIVE SPACECRAFT

Components of the pose estimation system
The system consists of the tracking spacecraft (Chaser), target spacecraft (Target) and the ground station. Camera sensors (CCD) and onboard computer with spacecraft programs are mounted on the chaser to facilitate pose solving and the collaboration between the space and the ground, referring to figure 1. a: target spacecraft(target); b: CCD camera; c: onboard PC; d: ground PC.
To facilitate the problem, we establish the target spacecraft coordinate system, the image plane coordinate system, the camera coordinate system. Let O-XYZ be target spacecraft coordinate system fixed on the target spacecraft, and o-xyz be the camera coordinate system, which is chosen to be fixed on the camera with the origin coinciding with the center of the camera and the z-axis coinciding with the optical axis and pointing to the front of the camera. Suppose the focal length is f and the image plane is located at z =f with its coordinated axes U and V parallel to the axes x and y of the camera coordinates, respectively. Let us imagine that the coordinate system o-xyz is obtained by first rotating the coordinate system O-XYZ with rotation matrix R then translating it with vector T. For convenience, we consider the objective problem in the camera coordinate system in advance.
Priori knowledge of the non-cooperative spacecraft
Because of the non-cooperation of the target spacecrafts, no facilities used for relative pose estimation are mounted on them, and there is no information exchange between the target and chaser. Pose estimation algorithms may not compute all the pose parameters, or can only compute some vague and imprecise parameters. The main bottleneck of this problem is that targets do not provide the pose estimation with enough structure information. In order to solve the pose in this scene, we need to use the prior knowledge about the target. With the prior knowledge, pose estimation algorithms can easily complete the extraction, recognition, tracking of the object features and solve the pose parameters automatically.
After the investigation of numerous spacecrafts launched by different countries, it is found that most spacecrafts have the following features which can be taken as the recognition objects. Each spacecraft has at least one or more features, such as:
(a)The main body of the spacecrafts: since the shape of the target spacecraft's main body is usually cubical, polyhedral or cylindrical, it naturally can be imaged by optical sensors (such as CCD cameras) and recognized using advanced image processing algorithms.
(b): The solar panel: most spacecrafts have solar panels to supply the power for their subsystems. A solar panel is also of regular shape and can be used as the recognized object. (c): The payload attach fitting (PAF): among common features in the mechanical design of conventional spacecrafts, the PAF is a good candidate to be recognized. The PAF is a high-strength structure that is used to connect the satellite to the launch vehicle.
(d): The solar panel or the antenna booms (or supports): the solar panel or the antenna booms (or supports) are typically cylindrical or triangular. The diameter or the thickness is generally not greater than 30 mm. Here, the booms are thought as the most appropriate recognized object of a non-cooperative spacecraft.
(e): The nozzle cone of an apogee kick motor: as another candidate recognized object, the nozzle cone of an apogee kick motor (engine) is promising. Most spacecrafts are commonly equipped with an apogee kick motor, the mounting base of which has high structural strength.
In addition, we can give some information on these features, For example, the main body of the spacecraft is a cube, the side length is about 1m; The solar panel is a rectangle, the size is about 1m × 3m; The solar panel boom is a equilateral triangle, side length is about 1m, and so on.
Option of the features for non-cooperative pose estimation
In the former, visual sensors (CCD) usually rely on the presence of visual markers for their pose estimation; markers are often cooperative and deployed on the target beforehand, which simplify the image processing tasks. But the non-cooperative spacecrafts can not provide effective cooperative information; therefore, we have to rely on the presence of natural features aforementioned on the target and take them as the recognition objects.
In this paper, pose estimation of the non-cooperative spacecraft aimed at middle-long range, the distance is from 200 m to 5 m, the size of the solar panel or the antenna booms, PAF and nozzle cone of an apogee kick motor is too small, it is almost impossible to achieve object extraction, recognition, tracking, to say nothing of pose solving when the camera photographs them at middle-long range, because the recognized objects in the image is too small and the imaged quality of them is poor. Whereas, the size of the main body and the solar panel is enough large, and it is easy to achieve above-mentioned operations. We take the architecture of Chang'e-I satellite model as the example. According to the investigation, it is found that the main body of Chang'e-I is cubical with six rectangles, and the solar panels are rectangles, which can be taken as the feature for the pose estimation. The rectangular features are highlighted by red circles, referring to figure 2. As seen from the figure 2, rectangular features are very common. Consequently, it is of great significance to perform the pose estimation by recognizing the rectangular structure. Because the main body has obvious features, and the sides of the rectangle of the main body are perpendicular to each other, we take it as recognized object, and propose a method to measure the relative pose of such non-cooperative target using the rectangle of the main body. 
POSE ESTIMATION OF THE NON-COOPERATIVE SPACECRAFT
The paper proposes a method to determine the pose of non-cooperative spacecrafts based on collaboration of space-ground and rectangle feature, according to several rectangular parts which are common in the configuration of a spacecraft. It employs rectangular feature and one camera to achieve the target recognition and pose solving automatically. The basic idea is that downloading the image captured by the camera in spacecraft through telemetry channel, and then operators in the ground station would choose a rectangle on the image whose features are very obvious, and upload the position, the type of features, and parameters of the rectangle to the spacecraft program according to the characteristics of the downloaded image. The spacecraft program will choose a corresponding work pattern according to the information uploaded (reference points and the size of the rectangle in the paper) and easily achieve the extraction, recognition, tracking of the rectangle and solve the pose parameters automatically.
Vision-based pose estimation
The paper proposes a method to determine the pose of non-cooperative spacecrafts, taking into account that main body of the spacecraft is a cube, with six rectangles and the size of these rectangles is known, and the method is designed for spacecraft closing phase (the distance is from 200 m to 5 m). First, the method uses a camera to photographs the main body of the spacecraft, and takes the rectangle of the main body as the recognized, tracked object; second, it computes the pose parameters using the structure model information of the spacecraft, combining with the length of the rectangle's sides. As for the recognition and tracking of the rectangle, the method downloads the image captured by the camera in spacecraft through telemetry channel. Operators in the ground station would choose four reference points on the image and upload two-dimensional coordinates of four reference points to the spacecraft program according to the characteristics of the image. The satellite program will easily complete the recognition and tracking of the rectangle. As for the pose solving, operators also upload the size of the rectangle so as to compute the pose parameters. Unlike previous pose estimation method based on computer vision, the proposed method does not need to deploy man-made cooperative markers on the target, it takes full advantage of the self-structure features of spacecraft instead, and employs high-precision and robust P4P algorithm to complete pose estimation, Therefore, the method is more applicable to pose estimation of general non-cooperative spacecrafts.
The proposed method for the pose determination is composed of two parts: image processing and pose estimation, the steps of image processing are listed as follows, and based on the results of image processing, coordinates of feature points (vertices of the rectangle) can be resolved, then combining with high-precision and stable P4P algorithm, the pose estimation method will calculate the six DOF pose parameters.
(a): Image acquisition: the camera photographs the non-cooperative spacecraft to get the image.
(b): Image processing: noise will get introduced into the images via any electrical system used for storage, transmission, and processing, then we will apply some techniques to improve the images for the specific application.
Median filtering [12] could smooth the data while keeping the small and sharp details. It is quite appropriate for our image filtering process.
(c): Edge detection: the canny edge detection algorithm [12] is known to all as the optimal edge detector. Here we use it to detect the edge of the filtered images. The main procedure consists of image smoothing, calculating derivative with respect to the X and Y direction, computing X and Y gradient values, non-maximum suppression, edge detection with dual thresholds.
(d): Line extraction using Hough Transform: after the processing of canny algorithm, we obtain the binary image images containing the edge information. In order to recognize the sides of rectangle, the Hough Transform [12] is used to extract the lines in the binary image. 
The recognition of the rectangle of the main body
Many lines will be extracted after line extraction due to the complicated scene; therefore, some methods are required to recognize the sides of the target rectangle. The key of the algorithm is that recognizing the four lines belonging to the rectangle of the main body among these lines. In addition to the prior knowledge: main body is a cube, with six rectangles and the size of the rectangles is known, there is no any prior knowledge. Therefore, it is very difficult to recognize. For this reason, it is necessary to collaborate between spacecraft and ground station, download the image captured in spacecraft through telemetry channel. At the same time, in order to recognize the rectangle of the main body, operators in the ground station would choose some artificially cooperative information reasonably and upload it to the spacecraft program according to the characteristics of the image. Thus, the cooperative information no doubt plays a guiding and learning role in pose estimation, and also contributes to improving the measurement accuracy.
In this paper, initially, through the collaboration, four reference points on the images are chosen to assist in the In order to speed up the algorithm and enhance real-time, lines extraction will be carried out in four local rectangular regions whose center are at a, b, c, and d. This concept is shown in Figure 3 . The operation is conducted only on the first frame of the image, and then the new reference points are estimated and tracked on real time. After the rectangle in the first frame is recognized, operators in the ground station will examine the result on a computer display. The involvement of human in the target recognition will greatly enhance the accuracy and robustness. 
Pose Estimation algorithm
Pose estimation from image to space feature correspond-ence is a basic problem in computer vision. The problem was formally defined by Fischler and Bolles [13] as follows: "Given a set of n control points, whose three-dimensional coordinates are known in object coordinate system, and given an image in which some subset of the n control points is visible, determine the pose(relative to the coordinate system of the control points) from which the image was obtained".
It is also called perspective-n-point (PnP) problem, and later extensively studied by others, e.g., [1, [14] [15] [16] to cite a few.
In this paper, according to the size of the main body, we establish the target coordinate system on the main body, and the coordinates of the vertices of the rectangle are known with respect to the target coordinate system. Through image processing algorithm mentioned above four vertices of the rectangle were abstracted first, and then we employ P4P algorithm to solve the pose parameters [14] . For convenience, we only consider the relative pose (rotation matrix R and translation vector T) between the target coordinate system and the camera coordinate system
EXPERIMENTAL RESULTS
In this section, we present a few representative computer simulations to identify the validity of the proposed approach for pose estimation over 50 independent trials, referring to the figures 4 and 5.Defining that the sequence and the axes about which the rotations are applied is Z-X-Y, and the angles are , , α β γ respectively. The rotation matrix is (5). 
Where C and S stand for cosine and sine in short respectively, translation vector is:
[ , , ]
x y z
T T T T =
, from (5), rotation angles can be resolved (6) .
In the experiments, the CCD pixel resolution is 1024×1024, the intrinsic parameters matrix of the camera and the ground truth pose between the target spacecraft frame and the camera frame are listed as follows: 1800 0 512 
The results in table 1 averaged over 50 independent trails show the effectiveness of the method. Since the image is noise free, the results are precise. In order to test the robustness of the algorithm, we add white Gaussian noises to the clean image, with the mean value is 20 μ = , and the variance value 2 100 δ = . As illustrated in table 2, we see that the result averaged over 50 independent trails is not very sensitive to noise. However, the translation estimation is relatively more sensitive to noise than the rotation estimation. The main reason is that the algorithm first estimates the rotation, and then estimates the pure translation by using the rotation. In this process, the errors in rotation will propagate to the translation. 
CONCLUSIONS
The paper proposed a method based on collaboration of space-ground and rectangle feature to determine the pose of the non-cooperative spacecraft. It relies on rectangular structures on the target spacecraft, does not need to deploy cooperative markers on the target. The method makes it feasible to collaborate between spacecraft and ground station; it downloads the image captured in spacecraft through telemetry channel, and uploads man-made cooperative information (coordinates of reference points and the size of the rectangle), consequently overcomes the problem that traditional methods can not achieve target extraction, recognition tracking and pose solving automatically, and results of computer simulations validate the proposed algorithm, and it provides a new solution for pose estimation of the non-cooperative target, and has potential significance for space-based attack and defense and on-orbital servicing.
